The aim of the present study was to evaluate cell adhesion and cell survival of mammalian retinal neurons on different materials used for the production of multi-photodiode arrays (MPDAs) intended for implantation in the subretinal space of patients suffering from progressive photoreceptor cell loss. The survival rates of different types of retinal neurons and glia cells were monitored by conventional histochemical techniques and immunocytochemistry up to 4 weeks. Whereas most of the materials tested showed good biocompatibility, cell survival of retinal glia and neurons was markedly reduced on titanium nitride (TiN), especially for culturing periods longer than 2 weeks. The effect was not mediated by diffusible factors released from TiN material.
Introduction
The idea of restoring vision to patients suffering from various retinal disorders that lead progressively to blindness is an attractive therapeutic concept, and the feasibility of visual prosthesis has been discussed for many decades. One promising approach taken by several research groups is the transplantation of embryonic retinal tissue or dissociated embryonic photoreceptors (Del Cerro, Notter, Wiegand, Jiang & del Cerro, 1988; Lund & Coffey, 1994; Aramant & Seiler, 1995; Gouras & Algvere, 1996; Mohand-Said, Hicks, Simonutti, Tran-Minh, Deudon-Comb, Dreyfus et al., 1997; Sharma & Ehinger, 1997) . However, although it has been demonstrated that such transplants can integrate into the host tissue, only limited restoration of visual function has yet been shown (Whiteley, Litchfield, Coffey & Lund, 1996) .
Another sophisticated approach is the development of electrical devices that may be implanted either in the retina or the visual cortex to directly stimulate visual neurons. While some investigators follow the line of epiretinal stimulation of ganglion cells and their axons (Narayanan, Rizzo, Edell & Wyatt, 1994; Humayun, de Juan, Dagnelie, Greenberg, Propst & Phillips, 1996; Wyatt & Rizzo, 1996; Eckmiller, 1997; Rizzo & Wyatt, 1997) , others undertake the attempt to directly replace degenerated photoreceptors with a subretinal microphotodiode array (Chow, 1993; Chow & Chow, 1997; Zrenner, Miliczek, Gabel, Graf, Guenther, Haemmerle, et al., 1997; Chow, Chow, Pardue, Perlman & Peachey, 1998; Peyman, Chow, Liang, Chow, Perlman & Peachey, 1998) . Recently, the possibility of intracortical microstimulation was also discussed (Schmidt, Bak, Hambrecht, Kufta, O'Rourke & Vallabhanath, 1996) .
Besides microelectronic aspects and the demand of developing minimal invasive implantation techniques, the biocompatibility of the implant materials is an important issue for the development of long-term technical implants. Since the sensitivity to different materials may vary from one cell type to another, it is of great importance to test those cells that actually come into contact with the implanted materials. The aim of the present study was to evaluate the adhesion and survival of mammalian retinal cells on different materials of a multi-photodiode array (MPDA) intended for implantation in the subretinal space of patients with progressive photoreceptor cell loss.
Materials and methods
Cell cultures were prepared from the rat retina (Brown Norway). A detailed description of the method can be found elsewhere (Guenther, Schmid, Grantyn & Zrenner, 1994) . In brief, 4 -12 day old animals were decapitated and the retinas without the pigment epithelium were gently removed from the eyecups. Retinas were enzymatically and mechanically disrupted. Subsequently, the retinal cells were plated with a density of 3500 cells/mm 2 either directly on the different technical substrates or on a glass cover slip (control substrate; coating see below). Both types of substrate were either placed in separate culture dishes or within the same dish to test for the effect on control cultures of soluble factors released by the technical substrates. The retinal cultures were incubated at 37°and 5% CO 2 for up to 4 weeks. The culture medium was exchanged every second day and consisted of: minimum essential medium (MEM) -Eagle with Hanks salts without L-glutamine and NaHCO 3 , 4% fetal calf serum, 4% horse serum, 2.86 g/l HEPES, 6.72 g/l glucose, 2.02 g/l NaHCO 3 , 0.29 g/l L-glutamine, 37.5 mg/l insulin, 10 ml antibiotic 100× and distilled water. ARAC (arabinosylcytosinhydrochlorid, 1 mM) was added after 4 days and with each change of medium to stop mitosis of proliferating cells which would otherwise have displaced retinal neurons. However, even without additional proliferation glia cells reached an almost a monolayer structure after 2 weeks in culture by extending their processes so that direct contact between neurons and the implant materials was only tested within this time period (see below).
Retinal cell cultures were fixed in 4% paraform aldehyde after 1, 7, 21, and 28 days in vitro (DIV). Cell nuclei were labeled by 4%,6-diamidino-2-phenylindole (DAPI) staining and the cytoskeleton was labeled with phalloidin-tetramethyrhodamine-5-isothiocyanate (TR-ITC). Neurons (Fig. 1A , arrowheads) can be separated from glia cells (Fig. 1A , black arrows) by this method due to the smaller size of their nuclei. Numbers of viable cells for the different cell types were counted under a fluorescence microscope as mean values of ten randomly selected areas on each substrate. For each substrate type five independent series with three substrate specimens were employed.
Cell specific antibodies were used to identify different types of cells in the rat retina (Rö hrenbeck, Wässle & Heizmann, 1987; Zhang & Yeh, 1991; Bastianelli, Takamatsu, Okazaki, Hidaka & Pochet, 1995) . Photoreceptor cells were identified with the antibody 1G1 which binds to outer photoreceptor segments (Bastianelli et al., 1995) . Bipolar cells were identified with anti-protein kinase C (PKC) clone MC5, a mouse monoclonal antibody directed against the alpha-and beta forms of PKC (Amersham, 1:250 in phosphate buffered saline (PBS)). Horizontal cells were identified with anticalbindin-D28k a mouse monoclonal antibody directed against the calcium-binding protein calbindin-D (Sigma, 1:200 in PBS). Subpopulations of amacrine cells were identified with anti-calretinin (Chemicon, 1:200 in PBS) a rabbit polyclonal antibody directed against the calcium-binding protein calretinin, and with PLL before use, and as a consequence the materials implanted in vivo will also be pre-coated.
However, despite of coating, neurons preferentially grow on glia cells which formed almost a monolayer after 2 week in culture, even in presence of ARAC. Thus, the effects of direct contact between neurons and implant materials on cell survival could only be tested within the first 2 weeks after plating. For analysis, cell survival within this period was separately determined for neurons in direct contact with (Fig. 1B, white  arrowhead) and for those growing on glia cells (Fig. 1B , black arrowhead) adherent to the implant materials. Since no significant differences were found in the number of surviving neurons, data presented here show the mean survival rates for both conditions for the first 2 weeks in culture, and the survival rates of neurons with glia underneath for cultures beyond this period.
Most of the materials tested had a good biocompatibility. This is shown in Fig. 3A for three pure materials. Silicium oxide and silicium nitride (SiO 2 and Si 3 N 4 ) were used as insulator materials and iridium (Ir) as electrode material in MPDAs. In addition, complete functional MPDAs with iridium electrodes were tested. No significant difference was found in the survival rates of retinal cells on these materials and in the control group (P= 0.001). Cells cultured on implant materials were also comparable to control cell cultures with respect to process outgrowth (data not shown).
TiN, however, seemed to have a reduced biocompatibility. Fig. 3B shows cell survival on a functional MPDA with an iridium electrode (black bars) in comparison to the survival of retinal cells on either pure TiN (light gray bars) or MPDAs with TiN electrodes (dark gray bars). Only about 70% of the cells adhered 2 h after plating, compared to about 95% of the control group on MPDA-Ir. After 4 weeks only 309 8% of the cells survived on pure TiN and 559 9% of the cells on TiN-MPDAs. However, no significant difference from the control groups was observed for retinal cells cultured on a glass cover slip in the same dish as the TiN materials. Thus, no soluble factor released by TiN was responsible for the reduced cell survival.
The different cell types were identified by standard staining techniques to find out whether retinal glia cells and retinal neurons were differentially susceptible to the various implant materials. The nuclei of all retinal cells were stained by DAPI, and neurons were identified by their small, dark blue labeled nuclei (Fig. 4A or Fig. 1,  arrowheads) . In addition, glia cells were visualized by the cytoskeleton proteins vimentin (Fig. 4B) and GFAP (Fig. 4C) , which label both Mü ller cells and astrocytes in culture. Since vimentin additionally labels fibroblasts which are GFAP-negative, we concluded from triple staining experiments (Fig. 4D ) that retinal cell cultures are composed of neurons, glia cells and fibroblasts. However we would like to point out that a red labeling anti-GABA (Biotrend, 1:500 in PBS). Glia cells were identified with antibodies against vimentin (Dako, 1:50 in PBS) and glial fibrillary acid protein (GFAP) (Dako, 1:500 in PBS). Staining was visualized by a Cy3 TMor FITC -conjugated anti-IgG (Biotrend, 1:3000).
For these analysis only retinas of postnatal ages 10 to 12 were used in order to minimize developmental alterations in the numbers and proportion of sub-classes of neurons.
Results
Cell survival of dissociated retinal cells was tested as the percentage of viable cells in contact with the technical materials compared to control cells plated on a glass cover slip in separate culture dishes. Cell adherence on plain substrates was low for all retinal cell types. Only about 20% of the originally plated cells adhered to plain plastic, SiO 2 or iridium (Ir) after 6 h in culture, whereas plating efficiency increased to about 90% after these materials were pre-coated with either PDL, PLL or laminin. As an example, Fig. 2 shows the results of pre-coated Ir substrates (black bars). After 3 weeks in culture 60-80% of the cells still survived on pre-coated Ir, whereas almost no cells survived on uncoated materials (Fig. 2, dark gray bars) . Since the best results were obtained with PLL, all materials were pre-coated with (Fig. 4B and D) is not indicative for fibroblasts only, since there might be some Mü ller cells that do not express GFAP in culture.
Neurons and glia cells were tested for their susceptibility to different implant materials and an example of such analysis is shown in Fig. 5 . ARAC was added to the culture medium prior to the analysis so that variations in glia cell numbers cannot be attributed to glia cell proliferation. The relation of neurons to glia cells did not vary significantly during culturing time for any of the tested materials, indicating that although the number of cells was significantly lower on TiN materials, both glia cells and neurons were equally affected. The same holds true for the different types of retinal neurons, i.e. photoreceptor cells, which in the rat retina are mainly rods, bipolar cells, amacrine cells and horizontal cells that were identified by specific antibody staining. Fig. 6 shows an example of such a cell-specific identification. Cell nuclei were stained with DAPI ( Fig.  6A ) and an amacrine cell was identified due to its GABA-immunoreactivity (Fig. 6B) . Table 1 shows the results for the different neuronal populations after 1 week in culture as the percentage of total cells in culture (cells plated on pre-coated glass cover slips). The relatively low percentage of photoreceptors is due to the fact that this cell type was identified by labeling its outer segments. Since it is common that a lot of outer segments are lost during the dissociation proce- 
Discussion
Our results show that retinal cell cultures are suitable for the screening of technical implant materials. Direct contact between neurons and implant materials was tested within the first 2 weeks after plating. Afterwards, glia cells had formed almost a monolayer beneath the neurons, so that neuronal survival was more a measure of indirect effects of the implant materials acting through cell interactions. However, no differences in the survival rates were found between neurons growing directly on implant materials and those growing on glia cells within the first 2 weeks. Moreover, since Mü ller cell processes try to form an outer limiting membranelike structure even in retinas where photoreceptors have been degenerated (El-Hifnawi, 1985; Kohler, Hartmann, Fischer & Zrenner, 1997 and unpublished observations by Kohler) an indirect contact is likely to resemble the in vivo situation for neurons in retinas with a technical implant. dure the real number of photoreceptors in our cultures was underestimated. However, the relative proportion of surviving cells of any of these cell types did not Most of the materials tested had a good biocompatibility and were found suitable for subretinal implantation. The number of all retinal cell types was significantly reduced on TiN. Reduced biocompatibility of titanium materials has been reported before by some authors (Wilke, Schrö der, Orth, Griss & Franke, 1993; Mofid, Thompson, Pardo, Manson & Vander-Kolk, 1997) , whereas others found no signs of reduced biocompatibility (Ammar, 1984; Putters, Kaulesar-Sukul, de-Zeeuw, Bijma & Besselink, 1992; Haug, 1996) . Most of these experiments were carried out in dental or orthopedic studies and more sophisticated tests will be necessary to investigate the effect of TiN on brain cells. Since cell numbers were reduced only in direct contact with TiN, we conclude that the decreased survival was not due to a toxic compound released by the TiN materials but rather to the surface structure of TiN or surface charges which prevented proper coating with PLL. Surface modifications with covalently attached organic monolayers (Sukenik, Balachander, Culp, Lewandowska & Merritt, 1990) will show the validity of this hypothesis in future experiments.
